To study the durability of concrete with fly ash as fine aggregate subjected to alternative attacks of freeze-thaw and carbonation, the appearance, mass loss, relative dynamic modulus of elasticity, relative compressive strength, and carbonation depth of the concrete are investigated using cyclic tests under single carbonation, single freeze-thaw, and alternation of freeze-thaw and carbonation. In addition, microstructural analysis techniques including scanning electron microscope and X-ray diffraction are adopted to reveal the deterioration mechanism of alternating freeze-thaw and carbonation. Results show that carbonation is beneficial for refining the pore structure and increasing concrete strength in the initial alternative cycle, which delays the damage from freeze-thaw cycles. Damage from freeze-thaw causes crack propagation in concrete, which leads to carbonation intensification. Compared with other test modes, concrete under alternative freeze-thaw and carbonation causes the greatest degree of deterioration during the initial freeze-thaw cycles. e carbonation depth under alternative freeze-thaw and carbonation is positively correlated with the carbonation time and the water-to-cement ratio. However, as the reactant is continuously consumed due to the expansion of crystalline ice and CaCO 3 , alternative cycles result in the appearance of many more new cracks in the concrete.
Introduction
Coal power plants worldwide produce a huge amount of waste fly ash, which not only causes environmental problems but is a threat to human health [1, 2] . China is the largest producer of fly ash globally [3] , and it produced approximately 600 million tons of fly ash in 2016. By the end of 2016, the waste fly ash has piled up to three billion tons. Due to its low comprehensive utilization rate, the fly ash has to be stored around the thermal power generation plants in a concentrated or scattered way, which not only occupies a lot of land but also results in certain pollution to the surrounding soil, water, and air. erefore, it is necessary to develop effective technologies for better utilization of fly ash onsite in the construction field.
A considerable amount of research has been conducted in recent decades on the use of fly ash in cement concrete technology [4] . Fly ash is a by-product of industrial production, and some positive progress has been made in using it to solve sustainable construction challenges [5] . For example, during the period 2010-2012, its use in construction applications was approximately 55%, and it is now considered to be a commercial product that is supplied in bulk. However, the positive function of fly ash is limited when used as a replacement material for cement as its strength develops slower than the cement [6] . erefore, AIJ [7] proposed the use of fly ash as a partial replacement for fine aggregate. Part of fly ash acts as a cementitious material and has a microaggregate effect, while the rest provides a volcanic ash effect, which is attributed to the presence of SiO 2 and Al 2 O 3 . It reacts with calcium hydroxide during cement hydration to form additional calcium silicate hydrate (CSH) and calcium aluminate hydrate (CAH), which effectively forms a density matrix and results in a higher strength material [5, 8, 9] . As such, the early strength of concrete with fine aggregate that is partially replaced by fly ash is superior to that of concrete with fly ash in place of cement [10] [11] [12] [13] .
Environmental problems are increasing with respect to pressures from the rising global population, and climaterelated changes are having a detrimental effect on concrete structures and affecting their durability. In cold regions, concrete structures are not only subjected to freeze-thaw damage, but they also suffer from erosion by atmospheric carbon dioxide (CO 2 ); these effects cause structural damage with respect to freeze-thaw cycles and the carbonation of concrete, respectively, thereby resulting in complex actions that affect the durability of concrete structures in cold regions [14] . Kuosa et al. [15] suggested that an assessment of freeze-thaw and carbonation effects should be conducted in a laboratory to accurately simulate natural conditions. It is thus considered necessary to investigate the deterioration mechanism of structural concrete under freeze-thaw and carbonation impacts, both individually and alternately, and to compare their differences.
is study employed multiple cyclic tests to systematically investigate the impact of freeze-thaw cycling and carbonation on the durability of concrete in which fly ash was used as the fine aggregate. Data analysis was conducted to evaluate the concrete's characteristics (including appearance, mass, relative dynamic elastic modulus, relative compressive strength, and carbonation depth).
e deterioration mechanism of concrete under the alternating action of freeze-thaw and carbonation was further investigated using microstructural analysis techniques such as scanning electron microscope (SEM) and X-ray diffraction (XRD) analysis. is study provides a fundamental basis for further investigating the durability of concrete with fly ash as a fine aggregate when used in complex environments. In addition, this study provides a theoretical basis for the time and quality management of concrete construction. ), which were obtained using the X-ray fluorescence spectrometer.
Materials and Experiments

Raw Materials.
e physical properties of cement and fly ash are shown in Table 2 .
e coarse aggregate used was crushed stone with a continuous gradation and particle diameters of 5-31.5 mm, and it included 0.6% mud. e crushing index was 10.2%, and needle particles were 9.7%. e fine aggregate was natural river sand with a density of 2600 kg/m 3 and a fineness modulus of 2.71 (medium sand), and it also comprised 1.27% water and 0.43% mud. Tap water and three triterpenoid saponins (powder) were used. A polycarboxylic acid superplasticizer that was suitable for fly ash fine aggregate concrete was used to ensure a desirable slump value.
Mixture Proportion.
is test mainly explored the durability of concrete with fly ash as fine aggregate when subjected to alternative loading of freeze-thaw and carbonation. To meet the performance requirements of the concrete, the water-to-cement ratio of concrete was determined as 0.36, 0.42, and 0.48, according to the "Technical Specification for the Application of Fly Ash Concrete" (GB/ T50146-2014) [16] and by considering the characteristics of fly ash. e equivalent volume replacement rate of fly ash was 15%. Table 3 shows three specimens with different mixture proportions. Formula (1) represents the replacement of 15% fine aggregate with an equal volume of fly ash:
where ρ S and ρ FA are the density of fine aggregate and fly ash, respectively, and MS and MFA are the unit consumption of fine aggregate and fly ash, respectively.
Preparation of Specimens.
e three concrete specimens were prepared according to the mixture proportions shown in Table 3 .
e test specimen was a prism with a size of 100 mm × 100 mm × 400 mm, and the cube was used to control specimen strength that measured 100 mm × 100 mm × 100 mm. e specimen was formed under vibration on a concrete vibration table, and the mold was removed 24 h after the specimen was fabricated and then placed in a standard curing room (at a temperature of 20 ± 2°C and relative humidity greater than 95%) for 56 days prior to testing.
Experimental Design.
According to data of the China Meteorological Administration (CMA), an average number of 6.2 equivalent freeze-thaw (F-T) cycles occur annually in northwest and northeast China [17, 18] . In this study, the service life of concrete with fly ash as fine aggregate is assumed to be 30 years. Reasonable times of fast F-T cycles in the indoor test were 30 × 6.2 � 186. For the carbonation time, the natural CO 2 concentration was 0.039%, and a value of 20% was used in this study in the accelerated carbonation test chamber. erefore, the accelerated carbonation test per day was equivalent to 20%/0.039%/365 � 1.56 natural carbonation per year. e days of accelerated carbonation in the experiment were 30/1.56 � 19.23. is study thus used 0-200 times for F-T cycles and 0-20 days for the carbonation time.
Freeze-thaw alternations and carbonation occur in autumn-winter and winter-spring. As the mechanisms involved in freeze-thaw and carbonation are different, yielding concrete structures are various. Generally speaking, carbonation makes a structure denser, while freeze-thaw makes it looser; therefore, freeze-thaw or carbonation will affect the interaction results of the two factors on the concrete, and to investigate this, the test was divided into four different modes, as shown in Table 4 . e abbreviations, FC, CF, F, and C, in Table 4 represent these different modes: alternative freeze-thaw and carbonation (FC), alternative carbonation and freeze-thaw (CF), single freeze-thaw (F), and single carbonation (C). [19] . Concrete specimens were immersed in water (20 ± 2°C) for four days prior to the test to ensure they were water saturated. e specimens are dried by removing water from the surface. e mass and dynamic modulus of elasticity were measured, and specimens were placed in a freeze-thaw chamber that had an interior temperature between −20°C and 20°C. e temperature of the concrete's centre was controlled in the range of (−18 ± 2)°C and (5 ± 2)°C, and the switching time between freezing and thawing did not exceed 10 min. Water was employed as the test liquid [20, 21] . When the number of freeze-thaw cycles reached a multiple of 25, the above procedure was repeated, and the mass and dynamic modulus of elasticity were measured. e specimens were then turned over and placed back into the freeze-thaw chamber to minimize the temperature difference between the upper and lower surfaces. When the number of freezethaw cycles reached a multiple of 50, the strength of the group of specimens was measured. Figure 1 shows the test equipment employed.
Carbonation Test.
A rapid carbonation test method was used in this study [19] . Specimens were firstly placed in an oven with an interior temperature of 60°C for two days, and the five sides of each specimen (not the top) were then sealed with paraffin. e specimens were subsequently placed in a carbonation chamber, with a space of more than 50 mm between each specimen. e interior of the chamber was controlled with a CO 2 concentration of 20 ± 3%, temperature of 20 ± 2°C, and relative humidity of 70 ± 5%. Figure 2 shows the carbonation chamber used to conduct the concrete carbonation procedure. e carbonation depth and compressive strength were measured at 5 d, 10 d, 15 d, and 20 d.
Compressive Strength. According to the Standard for Testing Methods of Mechanical Properties of Ordinary
Concrete (GB/T 50081-2002) [22] , compressive strength tests were conducted on the concrete at a loading rate of 0.5 MPa/s. ree blocks of each kind of the concrete specimen were tested, and the average from three compressive strength values was calculated.
Scanning Electron Microscope (SEM).
Microscopic scanning analysis of A2 specimens before and after the fourth alternative cycle was carried using a JSM-7500F scanning electron microscope.
X-Ray Diffraction (XRD).
e A2 specimen was further analyzed using X-ray diffraction (XRD) before and after the fourth alternative cycle. XRD was conducted on the dried concrete powder using a German Bruker D8 advance equipped with a graphite monochromator and copper anode. e step size employed in this study was 0.02°at 1 s per step in a 2θ range between 3-85°.
Results and Discussion
Analysis of Concrete Appearance.
Following the cyclic freeze-thaw test, which was conducted on the concrete with fly ash as fine aggregate, microcracks were observed on its surface, and the amount of microcracks increased with an increase in the number of freeze-thaw cycles. In addition, the surface of the concrete became loose and parts peeled off. During the freeze-thaw cycling process, water in the pores and capillaries of the concrete turned into ice, and under the effect of swelling pressure, more water flowed to nearby capillaries.
e movement of the water generated water pressure, and the liquid in the capillaries was actually a soluble salt. Clean water was separated during this process, which resulted in an increased concentration of the solution within the capillaries, which further yielded seepage pressure [23, 24] . erefore, under the joint effect of both water and seepage pressure, cracks developed in the concrete and it eventually deteriorated. Figure 3 shows the changes in the appearance of specimens in Group A2 during freeze-thaw cycles. It can be seen that the concrete is initially intact (Figure 3(a) ), but with an increasing number of freeze-thaw cycles, a small amount of pitting is observed on the concrete's surface (Figure 3(b) ). As the cementing materials run off the concrete's surface, the pittings increase in size and number, and the fine aggregates on the surface are exposed and gradually peel off ( Figure 3(c) ). e aggregates fall off layer by layer until the coarse aggregates are exposed (Figures 3(d) and 3(e)). Figures 3(e)-3(g) show that more concrete damage occurs when it is subjected to alternative attacks of freeze-thaw and carbonation rather than when single freeze-thaw cycles employed. Figure 4 presents the mass loss rates of specimens in Groups A1, A2, and A3 with different testing modes, and the following is evident: first, the mass loss rate curves of all concrete specimens have the same trend, i.e., the Advances in Civil Engineering mass loss rate increases with an increase in the number of freeze-thaw cycles. is occurs because the free water in the concrete freezes and expands, cohesion between aggregates drops, and erosion occurs to the concrete and causes damage. With alternations in temperature (rises and falls), everchanging tension and compression stress occurs in the concrete, which causes the concrete specimens to undergo fatigue failure. As a result, the specimens are destroyed from the surface to the internal structure, and the damage increases with an increase in the cycling numbers. Second, with an increase in the water-to-cement ratio, the mass loss rate of concrete specimens is higher. Concrete with a high watercement ratio generally contains a higher volume of pore water. Such pore water is typically partially consumed over time during the hydration process, and some is lost when the concrete dries. is creates voids [25] and results in a higher mass loss rate under freeze-thaw cycling [26, 27] . ird, compared with ordinary concrete [28] , the mass loss rate of concrete with fly ash as a fine aggregate is always less than 5% with less than 200 times of freeze-thaw cycles, which is far less than that of ordinary concrete. e reason for this is that fly ash is a pozzolanic material, and the active ingredients within it SiO 2 and Al 2 O 3 react with the hydration products of cement and lime to produce hydrated calcium silicate and hydrated calcium aluminate, which further react with gypsum to produce hydrated calcium aluminate sulfate. is significantly reduces the porosity of the concrete and changes the pore structure. Consequently, cohesion between the concrete constitutes is improved, the concrete becomes more and more compact, and freezing resistance is enhanced [25, 29] . Figure 5 shows the variations in mass loss rates of Group A2 specimens (with a water-to-cement ratio of 0.42) in testing modes FC and CF. e test results show that, with a water-to-cement ratio of 0.42, the mass loss rate of the concrete under two cycles is positively correlated with the number of cycles. When the number of cycles is less than 50, the mass loss rate of the concrete in the CF mode is significantly higher than that in the FC mode. When the number of cycles falls between 50 and 75, the effects of the two testing modes work simultaneously. It can be observed that when the effect of one mode increases, the effect of the other decreases. When the number of cycles exceeds 75, the mass loss rate of the concrete in the FC mode is significantly higher than that in the CF mode, which indicates that freezethaw damage can better inhibit carbonation, rather than reinforce it. Under the effect of freeze-thaw damage, many loose pores and microscopic cracks appear on the surface of the concrete with fly ash as fine congregate, and CO 2 reacts with Ca(OH) 2 in the concrete to produce CaCO 3 , which fills in the internal fissures of the concrete [30] . However, the filling effect does not in any way compensate for the influence of freeze-thaw damage on the mass loss rate of the concrete.
Mass Loss Analysis.
Relative Dynamic Modulus of Elasticity.
e relative dynamic modulus of elasticity (RDME) can be used to reflect the development of microcracks in concrete, and variations in the RDME represent the amount of freeze-thaw damage that has affected it [31] . Figure 6 shows the RDMEs of specimens in Groups A1, A2, and A3 for different testing modes. Figure 6(a) shows that the lowest change rate of RDME is 6.8% with less than 200 cycles at a water-to-cement ratio of 0.36. In addition, at a water-to-cement ratio of 0.48 and less than 50 cycles, the loss change rate of RDME is only 3.7%, which is insignificant. ere is a sharp drop in the RDME when the number of cycles is between 50 and 75, and the maximum loss change rate is 8.4%, and the loss change rate is maintained at nearly constant between 75 and 200 cycles. In general, when the water-cement ratio is greater, the concrete has less resistance to freeze-thaw damage [32] . e RDME of the concrete under both FC (Figure 6(a) ) and CF ( Figure 6(b) ) modes is less than that under the F mode (Figure 6(c)) ; therefore, the resistance of concrete to freeze- thaw cycles under alternative attacks of freeze-thaw and carbonation is lower than that under a single freeze-thaw mode. Figure 7 shows the variations in RDMEs of Group A2 specimens at FC and CF testing modes. e test results infer that the RDME of the concrete after initial carbonation is higher than that after initial freeze-thaw cycling, and this occurs because of the degree of compactness of its internal structure. In other words, this type of concrete has superior freeze-thaw resistance.
An analysis of Figures 6 and 7 indicates that, under alternative attacks of freeze-thaw and carbonation, the relation between the RDME (E d ) and freeze-thaw cycles (n) of the concrete with fly ash as fine aggregate can be expressed as a function, e.g., E d � f(n), and its first derivative is
rough a differential equation solution, given the boundary conditions, the evolution equation for the RDME of the concrete under alternative attacks of freeze-thaw and carbonation can be obtained as follows:
where a 0 and a 1 represent the parameters relating to concrete with fly ash as fine aggregate. e RDMEs of A2-FC specimens under alternating freezethaw attacks and carbonation can be obtained using equation (3) . Figure 8 shows the fitting curve and coefficients of determination R 2 � 0.979, which adequately represents the fitting. Figure 9 presents the results of relative compressive strength (RCS) tests conducted on the concrete for different testing modes (C, F, FC, and CF). Under the C mode, the RCS of concrete is expressed as the ratio of the compressive strength before carbonation to that after carbonation. e RCS values of the concrete at the modes F, FC, and CF are calculated by the ratio of their compressive strengths after n time of single freeze-thaw or i time of alternating freeze-thaw and carbonation to that obtained before tests were conducted. Note that compressive strength is measured in the tests under standard curing for 56 days. It is evident from Figure 9 (a) that there is an increase in the compressive strength of the concrete in Groups A1, A2, and A3 in the C mode when the early carbonation is up to 15 days. is is because, on the one hand, in the process of carbonation, cement hydration products react with CO 2 to produce CaCO 3 , which gradually fills the voids of the aggregate and then enhances the density of the concrete. On the other hand, the active ingredients in fly ash react with Ca(OH) 2 to produce calcium silicate hydrate (CSH) and hydrated calcium aluminate gel, which are hardly soluble in water.
Relative Compressive Strength.
us, concrete becomes more compact with less porosity. As a result, the strength of the concrete with fly ash as fine congregate is improved after carbonation. It is worth pointing out that it leads to the dramatic reduction of compressive strength after 15 days of carbonation, which may be attributed to the cracks caused by the expansion of CaCO 3 and ice [33] . However, in the F mode, there is a significant decrease in the compressive strength with an increase in the number of cycles. Figures 9(b) and 9(c) show that, for different test modes, there is a decrease in the RCS values of the concrete with an increase in the freeze-thaw cycles. e RCS values in FC and CF modes are slightly higher than those in the F mode, and after the same number of freeze-thaw cycles, the RCS values in the CF mode are higher than those in the FC mode, particularly during the initial stage of the test. e initial carbonation results in a change in the microstructure of hydration products in cement-based materials and causes the formation of calcium carbosilicate hydrates, which are actually a combination of C-S-H gels and some nano-scale CaCO 3 crystals [31] . However, from a thermodynamic perspective, these calcium carbosilicate hydrates are more stable than C-S-H gels, and their formation contributes to strength development after initial carbonation [34] . However, with an increase in the number of freeze-thaw cycles, the improvement is reduced gradually.
Carbonation Depth.
To investigate the carbonation resistance of the concrete in a complicated environment, the carbonation depth and velocity coefficient in different test modes are analyzed in this section, as shown in Figures 10  and 11 .
From Figure 10 , it can be observed that the carbonation depth of the concrete specimens in three different groups increases gradually with an increase in the carbonation time. In particular, when the water-to-cement ratio is larger, the carbonation depth is deeper. is is because concrete specimens with a larger water-to-cement ratio usually have a greater number of pores, which are more prone to CO 2 permeation [35] . e carbonation depth was lower in the A1 specimen with a water-to-cement ratio of 0.36 because of the lower capillary porosity of the specimens. In contrast, the carbonation depth was greater in the A3 specimen with a water-to-cement ratio of 0.48, even during the initial alternating cycles. With the same length of carbonation time, the carbonation depths of concrete specimens in FC and CF modes were greater than after single carbonation. e carbonation depth of concrete in the FC mode was deeper than that in the CF mode because the initial freeze-thaw cycle produces microcracks in the concrete, which accelerate diffusion of CO 2 in the concrete and subsequently boost carbonation. It is also observed that, with a fewer number of alternating cycles, the carbonation depth curves in Figure 10 Advances in Civil Engineeringare gradually reduced with an increase in the number of alternating cycles. is is because the chemical reaction in the initial carbonation process results in a sharp decrease in the alkalinity of the concrete, and the average pH value drops from 12 or 14 to 8 or 9. With an increase in calcium hydroxide, the carbonation depth increases [36] but subsequently stabilizes as the amount of calcium hydroxide is reduced.
e current well-established prediction model for the concrete carbonation depth is derived based on Fick's first law of diffusion, and the model function is given as follows [37] :
where X c is the carbonation depth (mm), t is the carbonation time (day), and K is the carbonation velocity coefficient,
. By using test data, the carbonation velocity coefficient K of Group A2 specimen can be obtained from equation (4) , and this is plotted in Figure 11 . It can be seen from Figure 11 that, as the carbonation time increases, the carbonation velocity coefficient of the concrete specimens at the C mode firstly increases and then decreases after carbonation. In the CF mode, there is a continuous increase in the carbonation velocity coefficient of the concrete specimens.
is indicates that, in the C mode, the surface of concrete specimens is tighter due to the carbonation effect, which hinders and delays subsequent carbonation [38] . In the FC mode, as freeze-thaw aggravates the damage on the concrete's surface, it becomes less compact, which leads to continuous carbonation. Advances in Civil Engineering 3.6. Microstructure Analysis. As a heterogeneous porous material, concrete usually contains defects such as microcracks, which make it vulnerable to the effects of freeze-thaw and harmful substances such as CO 2 invading its interior [39] . To further analyze the deterioration mechanism of concrete under alternating freeze-thaw and carbonation cycles, microstructure analyses were conducted using the scanning electron microscope (SEM) and X-ray diffraction (XRD) to analyze Group A2 specimens. Figure 12 shows the microstructures of Group A2 specimens before the test and after the fourth alternative cycle period. Figure 12 (a) shows many microcracks in the interior of undamaged concrete, and a large number of crystalline ettringite (AFt) crystals distributed in the laminar C-S-H gels with a low degree of hydration at cracks. ese crystals facilitate the nucleation of CaCO 3 . In addition, the carbonation reaction rate is relatively higher in these crystals than in other segments. When carbonation progresses to 20 days (Figure 12(b) ), the product of the reaction between C-S-H gels and CO 2 , CaCO 3 , fills internal pores and microcracks and is deposited on the surface of pores [40] [41] [42] [43] . is causes the pores to shrink, and the porosity rate of the concrete decreases, but its compactness increases [44] ; therefore, the mechanical property of specimens is enhanced after carbonation. When the number of freeze-thaw cycles reaches 200, a number of cracks are clearly observed in the concrete (Figures 12(c) and 12(d) ); these are evenly distributed on the surface but do not intersect each other. e cement pastes and aggregates constitute an integral structure through nestification. e space between hydration products is very close, while the spaces around microcracks are flocculent with high density. is indicates that both the icing and osmotic pressures caused by freeze-thaw cause cracks in the concrete [23] , and these cracks continue to grow and extend outwards with an increase in the number of freeze-thaw cycles, until the specimen is destroyed. Figures 12(d)-12(f ) clearly show cracks in the concrete surface in all three modes. With the CF mode, cracks arise in the transition area of the concrete-aggregate boundary but do not intersect. e nestification structure is partly disturbed, the space between hydration products becomes relatively loose and flocculent, and many hydration products peel off from the cement matrix. With the FC mode, the concrete shows greater damage: microcracks are intensively distributed in the transition area of concrete-aggregate boundary and are mutually intersected. When the nestification structure is damaged, the width and depth of microcracks in the transition area of concrete-aggregate boundary increase significantly.
Scanning Electron Microscope (SEM).
e space between hydration products becomes greater, making them look flocculent. e microcracks at the concrete surface appear like gullies, and the cement matrix in the intersection of cracks falls off seriously. Figure 13 shows the X-ray diffraction (XRD) patterns of the concrete in the A2 group before and during the fourth alternative cycle. Carbonation alone causes chemical alteration, where the new main hydration product in the concrete is calcite formed from the consumption of portlandite, whereas the single freeze-thaw attack causes physical alteration, but any new compounds are formed [31] . e freeze-thaw cycle generally affects the external layer and extends internally only when the temperature drops further. Surface cracks associated with an increase in internal deterioration due to freeze-thaw attacks facilitate CO 2 penetration, and it is well known that CO 2 penetrates into the interior from the concrete surface; this indicates that the calcite is usually deposited on the surface, and relatively less amount is found inside.
X-Ray Diffraction (XRD).
Analysis of Alternative Freeze-aw and Carbonation
Mechanisms. Two alteration processes affect the deterioration mechanism of concrete with fly ash as fine aggregate from freeze-thaw and carbonation, where the former is a physical change and the latter is a complicated chemical change. In the FC mode, freeze-thaw cycling causes the structure of concrete to gradually change from one that is compact to the one that is loose and porous. In the process of rapid carbonation, a neutral reaction occurs between highpermeability CO 2 and Ca(OH) 2 in the concrete, which produces CaCO 3 that fills the interior pores.
e CaCO 3 works as a grouting material, and temporarily reduces the porosity of the concrete [45] . According to the principle of kinetics in a chemical reaction, as the reactant (such as the cementing material Ca(OH) 2 ) is continuously consumed, there is a rapid decrease in the reaction concentration, which results in a reaction equilibrium short of internal impetus [ [46] [47] [48] [49] . In addition, new pores are developed in the concrete so that its freeze-thaw resistance is lowered with an increase in freeze-thaw cycles.
is also verifies that the concrete strength increases due to the carbonation in the early test stages, but it decreases sharply with an increase in the number of alternating cycling tests. e opposite occurs with respect to the deterioration mechanism of the concrete with fly ash as fine aggregate in the CF mode. An analysis of the deterioration mechanism under alternating actions shows that the mass loss rate, RDME, and carbonation depth of the concrete in the CF mode are all significantly higher than those in the FC mode.
Conclusions
is study analyzed the durability of concrete with fly ash as fine aggregate under alternating attacks of freeze-thaw and carbonation, and the following conclusions can be drawn:
(1) e durability of the concrete with fly ash as fine aggregate under alternative freeze-thaw cycles and carbonation is very different from that relating to single freeze-thaw and single carbonation. Carbonation is beneficial for refining the pore structure and increasing the strength in the initial alternating cycle, which makes the concrete compact and reduces its capillary pores, thus delaying freeze-thaw damage. e concrete cracks resulting from the freeze-thaw cycles cause crack propagation, which leads to an intensification of carbonation. (2) e mass loss rate and relative dynamic modulus of elasticity under alternative freeze-thaw actions and carbonation are positively correlated with the cycle number and the water-to-cement ratio. e frost resistance of concrete in both FC and CF modes is inferior to that in the F mode, and a damage prediction model with the higher accuracy can be established for the FC mode. (3) e carbonation coefficient of concrete specimens firstly increases and then reduces under single carbonation. e freeze-thaw environment is a catalyst for accelerating carbonation corrosion of the concrete with fly ash as fine aggregate, and this aggravates surface damage and causes the concrete surface to lose density. As a result, the carbonation coefficient of concrete with fly ash as fine aggregate continues to increase under alternating freeze-thaw and carbonation. (4) As observed from the microstructure analysis, the continuous consumption of the reactant (such as the cementing material Ca(OH) 2 ) results in a reaction equilibrium short of internal impetus. In addition, with the expansion of crystalline ice and CaCO 3 , a large number of new cracks are formed during new alternative cycles.
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